Drug candidates against matrix metalloproteinases (MMPs) failed in the clinic in the past because their strong zinc-targeting warheads led to a lack of specificity. More recently, significant selectivity among MMPs was achieved by blocking the enzymes' specificity pockets, nearby exosites, and downstream domains. Scannevin and colleagues now elegantly twist the plot and achieve ultimate selectivity: They target MMP-9 by allosterically preventing activation of its zymogen.
The matrix metalloproteinases (MMPs) 2 are a family of zincdependent metallopeptidases belonging to the metzincin clan (1, 2) . They are multidomain enzymes containing a prodomain that is proteolytically cleaved in one or more steps to activate the enzyme, a catalytic domain containing the reactive zinc ion, and several other structural and functional domains (1) . MMPs were initially discovered 55 years ago as active factors in frog metamorphosis, in which they act as general degraders of extracellular matrix components (3) . For decades, the few orthologs known in humans were also those that nonspecifically degraded extracellular matrix proteins, a process associated with metastasis and angiogenesis in cancer. As a result, these enzymes were viewed as promising anticancer targets, inspiring efforts to develop MMP inhibitors (MMPIs). The initial generations of MMPIs were small-molecule peptidomimetics equipped with a warhead that very strongly targeted the catalytic zinc ion (e.g. batimastat, ilomastat, marimastat, and prinomastat; Fig. 1 A) , but these displayed low specificity. Discouragingly, they failed in clinical trials due to lack of efficacy (4); to date, the only approved MMPI is Periostat (doxycycline) for the treatment of chronic periodontitis, which displays only modest efficacy (5) .
Over the decades, the known palette of MMP orthologs in humans reached 23, and their physiological functions expanded well beyond indiscriminate protein degradation to sophisticated (in)activation or shedding of a plethora of proteins, including growth factors, chemokines and other cytokines. It is now well established that MMPs contribute to various inflammatory, immune, infectious, and repair processes. As we've learned more about these vast functions, the basis for the failure of the initial zinc-targeting and therefore nonspecific MMPIs has become clear: General MMP inhibition leads to off-target effects and is thus not a viable strategy (6) .
These clinical failures, combined with the increasing knowledge regarding the complexity of MMP biology, led to a period during which pharmaceutical companies discontinued their pipelines for the development of MMPIs. However, the field has gradually reemerged through the development of highly selective inhibitors for each of the biomedically relevant MMPs. This generation of small-molecule MMPIs does not possess strong zinc-binding groups; instead, they are designed to complement one of pockets within the active-site cleft, the specificity pocket, which diverges among MMPs. They also tackle secondary binding sites, exosites, and other domains downstream of the catalytic domain ( Fig. 1B (1, 7) ). A complementary approach targeting such sites is developing around antibodybased MMPIs, which may also be used for in vivo imaging (8) . Cumulatively, these strategies have yielded potent, specific inhibitors of MMP-2, MMP-8, MMP-9, MMP-12, MMP-13, and MMP-14, but their clinical efficacy still remains to be proven (1, 7) .
The work of Scannevin and colleagues (9) introduces a novel strategy: binding the zymogen. Like many peptidases, MMPs are kept in a latent state by an N-terminal prodomain spanning 66 -91 residues, which sterically blocks the access of substrates to the active-site cleft. It operates following a mechanism dubbed "cysteine switch," which features a conserved cysteine residue that binds the catalytic zinc (10). This prodomain is removed during maturation in vivo through sequential limited proteolysis by other peptidases and autolysis, which release the competent enzyme at its physiological site of action. As one role of MMPs in cancer is associated with excessive activity, blocking zymogen activation could provide a fairly targeted mechanism to disrupt cancer development. The conceptually simple but elegant working hypothesis, then, of Scannevin et al. (9) , is that repressing activation of the zymogen could be an alternate approach to preventing activity. Using high-throughput screening employing the Thermo-Fluor approach, which reports on protein stability variations due to ligand binding, the authors identified compound JNJ0966 (Fig. 1C) , which strongly bound to the zymogen of MMP-9 and prevented generation of active MMP-9. It did not inhibit the mature enzyme or any of mature MMP-1, MMP-2, MMP-3, and MMP-14 and did not prevent activation of the highly related zymogen of MMP-2. Further activity, gel and immunoblotting assays demonstrated that JNJ0966 treatment leads to accumulation of a partially processed protein consis-This work was supported in part by grants from Spanish and Catalan agencies (BFU2015-64487-R; MDM-2014-0435, and 2017SGR3). The author declares that he has no conflicts of interest with the contents of this article. 1 To whom correspondence should be addressed. Tel.: 34-934-020-186; E-mail: xgrcri@ibmb.csic.es. 2 The abbreviations used are: MMP, matrix metalloproteinase; MMPI, MMP inhibitor.
tent with initial cleavage after Glu-59 but not the final cleavage at Arg-106 -Phe-107.
To identify the molecular determinants of this inhibition, the authors solved the crystal structure of the complex between JNJ0966 and a construct of proMMP-9 spanning the prodomain and the catalytic domain and compared it with the unbound protein. They found that JNJ0966 binds to a structural pocket close to the final activation cleavage point, thus disrupting the structure of segment Phe-107-Thr-109, which becomes disordered and can no longer be processed (Fig. 1D ). In contrast, the active site-including the catalytic zinc and the prodomain segment blocking it-is not affected. The authors validated the importance of this site by testing the activation of several MMP-9 constructs with mutations in the binding pocket. In addition, activity of JNJ0966 against MMP-9 and its potential clinical utility were validated in a mouse model for human neuroinflammatory disorders such as multiple sclerosis.
Taken together, this work describes a hitherto unknown pharmacological approach to metallopeptidase inhibition and paves the way for the development of the next generation of drugs. By designing specific binders for each of the MMP zymo-gens, this strategy could be of general applicability and yield very specific drugs without off-target effects as they would not interact, in principle, with other MMPs or proteins. The approach could even be expanded to peptidases from different classes that are likewise regulated through zymogen-mediated latency and any other bioactive protein that is activated from a latent proprotein. . The cleft has subsites upstream (S 1 , S 2 , S 3 ,…) and downstream (S 1 Ј, S 2 Ј, S 3 Ј,…) of the metal to accommodate the side chains of substrates. In MMPs, the primary specificity pocket is S 1 Ј. B, mode of action of current small-molecule MMPIs, which mostly bind to S 1 Ј and/or exosites rather than the zinc. C, the chemical structure of compound JNJ0966. D, a novel approach by Scannevin et al. (9) , in which the MMPI (green) targets the final activation point of the zymogen and prevents prodomain (blue) removal. This MMPI does not inhibit the mature MMP.
